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Abstract 
This paper assesses the issue of monitoring to measure potential emissions from leakage at geologic sequestration (GS) sites for
purposes of greenhouse gas (GHG) accounting under an emission reduction program. We find that a GHG accounting program 
can reasonably assume that there is no atmospheric leakage from GS sites as long as routine subsurface monitoring shows no loss
of containment. If loss of containment is detected, current monitoring technology, such as hyperspectral imaging, should be able
to detect and locate leakage at levels of concern at some but not all sites. If leakage can be detected, then it can be reliably
quantified using existing technology. The disparities in leakage detection capability produced by geologic and ecosystem 
variations require a flexible GHG accounting policy for GS sites during the operations phase. The potential for leakage emissions
during long-term stewardship is low, but mechanisms to account for it, such as an emissions reserve program, are important for 
building public support for CCS technology and supporting national emission reduction goals.  
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The primary role of monitoring at geologic sequestration (GS) projects will be to assure that the project is safe 
and does not pose serious risks to health or the environment. However, monitoring will also be needed to fulfil other 
objectives, such as measuring potential emissions from leakage2 for accounting under a greenhouse gas (GHG) 
emission reduction program. This paper assesses monitoring specifically as it relates to GHG accounting. 
Accounting for possible emissions due to leakage at GS sites involves a range of technical and policy questions. For 
this analysis, we first assess monitoring technology and its potential to support GHG accounting at GS sites. We 
then evaluate GHG accounting policy options, which are bounded by technological feasibility as well as other 
considerations such as cost, monitoring accuracy and precision, funding stability, and intergenerational equity. 
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2. Monitoring for GHG Accounting: Technical Basis 
The objectives of monitoring for GHG accounting are to demonstrate that CCS is an effective climate mitigation 
technology and to assure the integrity of the carbon control program. Choosing the most technically appropriate 
approach to monitoring for GHG accounting at GS sites requires careful evaluation of the likelihood of leakage and 
the feasibility of detecting it. There are three possible monitoring approaches: (1) no surface monitoring for GHG 
accounting, (2) permanent surface monitoring to conclusively demonstrate there is no leakage; and, (3) focused 
surface monitoring to locate and quantify leakage only if subsurface monitoring indicates CO2 has migrated through 
the confining formation.  
Requiring no surface monitoring for GHG accounting could be appropriate if: (1) the likelihood of leakage from 
all GS sites is negligible; (2) monitoring techniques can accurately quantify the mass of CO2 in the subsurface; or, 
(3) surface monitoring methods to detect, locate, and quantify leakage are not feasible. But none of these conditions 
are true. First, while the evidence suggests that the likelihood of leakage is low at well-sited, well-operated GS sites, 
the probability of leakage via undiscovered natural or manmade pathways is, a priori, non-zero[1]. Second, the 
accuracy of current monitoring techniques in quantifying subsurface volumes is at best ± 20% [2], which is not 
adequate to quantify potential leakage emission levels. And third, methods to detect and quantify CO2 leakage at the 
surface, while subject to limitations, are feasible for many sites, as discussed in Section 2.1 below.  
Requiring permanent surface monitoring for GHG accounting could be appropriate if: (1) any leakage renders 
CCS ineffective; (2) monitoring methods to prove that leakage is not occurring are feasible—that is, they can 
quantify CO2 flux between the atmosphere and ground across the entire site, and differentiate between leakage and 
background fluxes; and/or (3) the likelihood of leakage is equal across the whole site during the entire project 
lifecycle. These conditions are not true either.  
First, for CCS to be an effective greenhouse gas mitigation technology, perfect containment of injected CO2 is 
not necessary. An annual leakage rate of 0.1% or less of the stock of injected CO2 is nearly equivalent to perfect 
storage [3-5] and we would be better off than on our current path of largely unmitigated emissions[6]. Second, 
current monitoring methods are not adequate to definitively show that leakage is not occurring. Field results indicate 
that eddy covariance testing has difficulty distinguishing leakage from background, while use of tracers or laser 
differential adsorption techniques shows promise, but is still unproven [7]. An finally, if CO2 were to leak to the 
surface it would most likely be focused in specific areas of the site by geologic or man-made features that provide 
leakage pathways. [8-12]. This has been demonstrated in areas of natural subsurface CO2 accumulations, such as 
Mammoth Mountain, CA, the Paradox Basin, UT, and sites in Italy. In general, only a limited number of plausible 
scenarios could result in leakage, and each would produce a characteristic leakage footprint (determined by the 
nature of the final pathway to the surface), ranging in size from approximately 1 m2 to 1 km2 as described in Table 1.  
Table 1  Plausible CO2 leakage scenarios 
Final pathway to surface 
Leakage Area Footprint 
Shape 
Size  
(order of magnitude) 
Well: terminates above water table Point 1 m2
Well: terminates below water table, CO2 rises through water table aquifer, flows 
vertically through vadose zone.  
Small area 10 m2 to100 m2
Fault or fracture: CO2 emerges from fault or fracture, possibly spreading if it 
passes through unconsolidated deposits above the bedrock.  
Linear 1,000 m2 to 1 km2
We conclude that focused surface monitoring is the most technically appropriate approach for GHG accounting. 
Section 2.1 presents the supporting evidence for this approach, and Section 2.2 explores monitoring costs. 
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2.1 Focused monitoring for GHG accounting  
This approach would have three components: (1) subsurface monitoring to detect loss of containment; (2) surface 
monitoring to detect and locate leakage; and (3) surface monitoring to quantify leakage. 
Monitoring to detect loss of containment will be required to comply with health, safety and environmental 
regulations [13]; this aspect of monitoring for GHG accounting adds no new responsibilities. There is a broad 
portfolio of direct and indirect subsurface monitoring methods that could give early warning if CO2 escaped the 
confining zone. A number of good summaries of subsurface monitoring methods are available [14-16]. Methods 
include seismic and gravity monitoring, and as well as pressure and geochemical monitoring in formations overlying 
the confining unit. In general, the strength of subsurface monitoring is its ability to detect the presence of free-phase 
CO2. For example, seismic techniques can detect secondary accumulations of CO2 as small 1,000 tons at 1 km 
depth, and 100 tons at 500 m depth [2]. The accuracy of quantifying subsurface volumes is much lower, and 
inadequate for GHG accounting.  
If subsurface monitoring were to indicate that CO2 had leaked past the confining layer, the next step would be 
surface monitoring to detect whether CO2 had migrated all the way to the surface and was leaking to the atmosphere. 
Quantification is not a concern at this screening stage—the objective would be to simply determine whether leakage 
is occurring and roughly identify where CO2 is reaching the surface. Assessing the technical feasibility of 
monitoring for leakage detection is a matter of determining whether current monitoring methods could detect levels 
of emissions that matter emanating from plausible size areas of leakage,  as described in Table 1.  
Determining the level of leakage that matters—the reporting threshold—will be a policy decision, designed to 
demonstrate that CCS is an effective climate mitigation technology and to assure the integrity of the carbon control 
program. As a matter of policy, the reporting threshold should achieve these objectives for the combined 
performance of all GS sites, not necessarily for each individual site. As noted above, an annual leakage rate of 0.1% 
or less of the total mass of injected CO2 is nearly equivalent to perfect storage [3-5]. The annual emissions a 0.1% 
leakage rate could represent vary according to the total amount that has been injected, but a reporting threshold on 
the order of 10,000’s to 100,000’s of tons of CO2 per year for typical sites could demonstrate the effectiveness of 
CCS. To assure the integrity of the carbon control regime, reporting thresholds for leakage monitoring must be 
comparable to other elements of the CCS system, as well as to other types of GHG mitigation methods. One obvious 
point of comparison is with the meters used to measure CO2 injection volumes, which have a maximum accuracy of 
about 1% [1, 2]. For a GS site injecting 4 Mt CO2 per year, this translates to a volume of 40,000 tons. Another 
comparison is the emissions threshold of 25,000 tons CO2 per year proposed under the EPA GHG reporting rules for 
other stationary sources of CO2 emissions [17]. Overall, these observations suggest that appropriate reporting 
thresholds for leakage would be on the order of 10,000’s of tons of CO2 per year. Ultimately, setting reporting 
thresholds for leakage at GS sites will be a key policy choice that allows operators to select appropriate monitoring 
technology and determine the scope of their monitoring programs. 
Monitoring methods to detect leakage could be based on measurements of CO2 concentrations in the soil near the 
surface, the flux of CO2 from the surface to the atmosphere, or the flux (or concentration) of CO2 in the near surface 
atmosphere (3-30 meters above the ground). None of these approaches is fully proven as a means of leakage 
detection, however early field results and experience with natural analogues suggest that screening based on 
elevated soil gas concentrations is promising [18-20]. Physical processes cause any CO2 that would rise from below 
to become quite concentrated in the vadose zone [12, 21, 22]. In fact, CO2 leakage at volumes of interest (~10,000 
tons) over plausible leakage footprint areas (100m2 to 1 km2), would cause soil gas concentrations to rise to levels 
that stress vegetation [22]. Concentrations of 20-30% CO2 induce visible stress in most ecosystems [23], and recent 
field trials showed that hyperspectral imaging could detect vegetative stress not visible to the naked eye at CO2 soil 
gas concentrations of 4% to 8% [20].  
Another advantage of screening for leakage based on elevated soil gas concentrations is that soil gas CO2 levels 
are less affected by ecological and industrial processes than atmospheric CO2 levels [22] which makes it easier to 
separate the signal from background noise. Also, the area of elevated soil gas CO2 concentrations is broader than the 
area of elevated CO2 flux [19, 24], which makes it easier to find smaller leakage anomalies. Relying on vegetative 
stress as a screening tool to detect leakage has advantages and disadvantages. It is a relatively low-tech, low-cost 
approach, and has the potential to give information over a broad area—even beyond the expected site boundaries. 
Obviously, it is not applicable to sites without vegetation. False positives would be expected, and have been 
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observed in the field [18], because many factors can stress plants besides CO2. Also, people living near a GS site 
may have mixed feelings about a monitoring strategy that plans to find leakage by observing ecosystem stress.  
Screening for leakage based on elevated atmospheric CO2 is much more difficult, because CO2 is rapidly diluted 
once it passes from the ground into the atmosphere [24, 25]. The relatively small signal of elevated atmospheric CO2
due to leakage must be differentiated from the noisy background of biological and industrial processes at a GS site. 
Eddy covariance (EC), a micro-meteorological monitoring method which measures CO2 flux in the near surface 
atmosphere (3 to 30 m above the ground) has been widely proposed as a monitoring method to screen for leakage [1, 
9, 15]. While EC appears to be theoretically capable of detecting leakage signals [26], most GS sites will depart 
significantly from the ideal conditions needed to achieve low detection limits (flat ground, uniform land use and 
ecosystem, no anthropogenic emissions), and recent field trial cast doubt on its practical utility [25, 27].  
We conclude that monitoring to detect leakage is currently feasible at vegetated sites. Technologic improvements 
will be needed before leakage detection is feasible at all sites, such as advances in open-path laser systems, and 
development of EC systems that can distinguish between C12 and C14. Use of tracers is another possibility; however 
this approach has drawbacks, such as the high global warming potential of most tracer compounds, and concerns 
about environmental effects of the tracers. 
Once leakage is detected, the next step would be quantification. Monitoring to quantify leakage would have two 
components; first, delineating the boundaries of the flux anomaly, and second, measuring the CO2 flux entering the 
atmosphere. The quantity of CO2 lost from storage equals the area over which leakage is occurring (m
2) multiplied 
by the CO2 flux (g/m
2/s) and the duration of leakage.  
Monitoring to locate the boundaries of the leakage area would concentrate on the area where leakage was 
detected, for example on an area where vegetative stress was observed. The monitoring strategy might start by using 
either accumulation chambers or soil gas probes to measure CO2 levels along several transects, or using artificial 
neural network sampling[28], to rule out false positives and establish the general size of the anomaly. Then a grid of 
accumulation chambers could be established, to define the leakage area and measure the leakage flux. Soil gas 
survey techniques and accumulation chamber monitoring are both well-established monitoring methods, with 
decades of experience in environmental and ecological studies. We conclude that if leakage can be detected, then it 
can be reliably quantified using existing technology.  
2.2 Cost of monitoring for GHG accounting  
The costs associated with GHG accounting would be only for monitoring activities to detect and quantify leakage 
if routine subsurface monitoring detected loss of containment. Routine monitoring will be required by regulation to 
screen for health, safety or environmental impacts, and to establish eligibility for post-injection liability transfer, 
regardless of GHG accounting policy. Routine monitoring requirements, and costs, will vary by site. There are two 
published estimates for GS site monitoring costs, depicting somewhat different scenarios, but reaching similar 
conclusions. Benson estimates the cost for an enhanced routine monitoring program at ~$1.33 million per year [11]. 
The cost analysis for the EPA draft GS rule estimates the cost of monitoring a large GS site in a saline aquifer at 
~$1.43 million per year [29]. There are large uncertainties in these costs, including materials prices, the cost of 
capital, labor costs, and regulatory requirements, but they provide a point of comparison to put potential costs of 
monitoring for GHG accounting into context. 
No published estimates of the cost of monitoring for GHG accounting are available, and making such estimates is 
difficult because the circumstances at each site will be unique. We estimate costs of monitoring for GHG accounting 
at a GS site with vegetation characteristics favorable for hyper-spectral imaging to be ~$660,0003 over a 10 year 
period, an average of $66,000 per year which would increase the total annual monitoring cost by less than a 5%. 
Our cost estimate is based on the following scenario (Table 2): 
 Subsurface monitoring indicates loss of containment (costs included in routine monitoring); 
 Monitoring is required for 10 years, from the time loss of containment was detected until leakage is fully 
remedied; 
 Airborne hyper-spectral imaging run twice a year to detect leakage anomalies for 10 years; 
3 Undiscounted sum of costs. 
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 Soil vapor transects run to locate boundaries of 2 leakage anomalies and to rule out 10 false positives; and  
 Accumulation chamber surveys run over two 100,000 m2 leakage anomalies, twice a year for 10 years. 
Table 2  Monitoring Unit Costs  
Monitoring activity Schedule Cost algorithm 
Airborne hyperspectral imaging 2 per year $57,000 to purchase instruments; $6,000 flight time (200 km2) [30]; 
field work and interpretation- 6 days at $106/hra = $7,000 per survey. 
Soil vapour survey to determine 
footprint of leakage anomaly 
2 in first 
year 
$20,000 to purchase equipment [31]; Field work and interpretation – 
6 days at $106 per hour = $5,100 per survey 
Soil vapour survey for false positives 1 per year Field work and interpretation 2 days at $106/hr = $1,700 per survey 
Accumulation chamber survey to 
quantify leakage  
2 per year 
per anomaly 
$65,000 to purchase instruments [32]; field work and interpretation 8 
days at $106per hour = $6,800 per survey 
a Wage rate for geoscientists used in the EPA cost analysis of the proposed GS rule [29]. Includes multiplier for overhead.  
3. Monitoring for GHG accounting: Policy options  
GHG accounting policies for GS must address leakage monitoring requirements and financial responsibility in 
the event that CO2 leakage occurs. Policy options for GHG accounting protocols for GS sites can be divided into 
those that would apply during operations and the post-injection phase (Section 3.1), and those that would apply 
during long-term stewardship (Section 3.2). In Section 2 of this paper we conclude that it is technically feasible to 
quantify leakage if subsurface monitoring indicates CO2 has escaped confinement and surface monitoring can detect 
leakage. Technical feasibility, however, is only one of the criteria regulators must consider when deciding how to 
handle GHG accounting at GS sites. Monitoring for GHG accounting must also be accurate, precise, cost effective, 
and designed to encourage ongoing improvement of monitoring methods. In addition, GHG accounting during long-
term stewardship must guarantee that a source of funding will be available, and address the issue of 
intergenerational equity. Our analysis of GHG accounting policy options is based on the following assumptions: 
 A GHG reduction program is enacted that: (1) considers all GS sites are as potential emission sources, 
regardless of their size or emissions levels; (2) treats CO2 injected at GS sites as avoided emissions. 
 A single entity will assume responsibility for long-term stewardship of GS sites that are proven to be secure.  
 All GS site operators will be required to conduct routine subsurface monitoring and to remediate leakage under 
all circumstances where it impacts to health, safety, or the environment; 
 Accounting for emissions from onsite energy use and fugitive emissions is relatively straightforward—our 
analysis concentrates on accounting for leakage emissions only. 
3.1 GHG accounting options during operations and the post-injection period.  
During operations and the post-injection period, several technical and institutional features assume particular 
significance in accounting for leakage. First, the probability of leakage is expected to be greatest during active CO2
injection, as fluid pressure rises and the areal extent of the CO2 plume expands [10]. Second, during operations 
operators will have a revenue stream that they can draw upon to buy allowances to cover leakage. Third, when the 
operator is directly liable for the site, GHG accounting is a matter of the national government ensuring that a private 
party meets its obligations under the GHG emission reduction program.  
There are two basic approaches to accounting for leakage during operations and the post-injection period. The 
first would require the operator to prove that leakage is not occurring, and the second would assume that there are no 
leakage emissions unless there is evidence to the contrary. Based on our assessment of existing leakage monitoring 
technology, the first approach is both impractical and unnecessary because subsurface monitoring can readily detect 
loss of containment. We evaluate three policy options, all of which are based on the assumption that no leakage is 
occurring unless loss of containment is detected.  
 Option 1: Monitoring and quantification if leakage occurs. No leakage emissions would be reported as long 
as no loss of containment is detected. If routine monitoring showed that CO2 had escaped the confining unit(s), 
then monitoring would be required to detect and quantify the amount of leakage, with the operator required to 
submit allowances to cover the measured quantity.  
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 Option 2: Penalty if leakage occurs. As with Option 1, no leakage emissions would be reported as long as no 
loss of containment was detected. If routine monitoring detected that CO2 had escaped the confining unit(s) then 
the GS site operator would be required to submit allowances to cover a percentage (e.g., 0.1% to 1%) of the 
total inventory of CO2 sequestered. Monitoring to quantify leakage would not be required.  
 Option 3: Hybrid option. Under this hybrid of Options 1 and 2, the GS site operator would be required to 
monitor and quantify leakage emissions if leakage occurred and then submit emissions allowances to cover the 
amount of leakage measured (Option 1). However, if for any reason the regulator determined that site emissions 
could not be quantified, then the GS site operator would be required to submit allowances to cover a percent of 
the total amount of CO2 sequestered. More research is needed before the backstop penalty level could be 
established, but it would likely be set in the vicinity of 0.1%, the upper bound of leakage levels for which CCS 
is an effective GHG mitigation technology.  
Table 3 compares the projected outcomes of the accounting policy options during operations, showing that 
Option 3, the hybrid approach, offers the best balance between technical feasibility, monitoring accuracy, and cost 
effectiveness. For Option 3 to work best, the backstop penalty must be set high enough that operators would prefer 
to quantify leakage and an incentive would be created for on-going improvements to monitoring technology. 
However, the penalty should not be set so high that sites that do not appear to be leaking significant amounts of 
CO2, but are otherwise unable to quantify leakage due to limitations of monitoring technology are unduly penalized. 
Table 3.  Summary of GHG accounting policy options during operations and the post-injection period.* 
GHG Accounting 
Policy Option Technically feasible Accurate and Precise Cost effective 
Improves
monitoring
1. Monitoring & 
quantification if 
leakage occurs 
Depends on site 
characteristics. Likely at 
vegetated sites 
Depends on detection 
limits and monitoring 
technology. Good at 
vegetated sites 
Could vary widely depending on 
site characteristics. 
Yes
2. Penalty if 
leakage occurs 
Yes. Adds no technical 
requirements 
No. Penalty could over-or 
under-compensate for 
actual leakage 
Expensive for large sites and high 
carbon prices 
No
3. Hybrid option 
Yes. Can be fit to site 
characteristics and 
monitoring technology.  
Yes where quantified.  
Yes, offers flexibility based on site 
characteristics. Backstop penalty 
offers predictability for worst-case 
assessment. 
Yes
*Less desirable outcomes are indicated by darker shading  
3.2 GHG Accounting During Long-term Stewardship.  
During long-term stewardship, the probability of leakage is likely to be very small because demonstration that 
the CO2 is secure must be a pre-requisite for transfer of a site to a long-term steward . Most of the environmental 
and technological implications of leakage would not change during this phase, but there are critical practical and 
institutional differences.  The government must establish a mechanism to account for leakage, should it occur, or 
risk undercutting the nation’s climate goals and international obligations. We considered three policy options for 
GHG accounting during long-term stewardship (numbered sequentially from the operations phase options): 
 Option 4: Leakage not reported. The government entity in charge of long-term stewardship would not be 
liable to report or submit allowances to cover leakage from GS sites. The premise of this option is that the 
security of sites in long-term stewardship has been proven, so the risk of leakage is negligible. 
 Option 5: Leakage subtracted from that year’s emissions cap for CCS-related industries. Leakage 
detected from sites in long-term stewardship would be subtracted from that year’s emissions cap of industries 
historically employing CCS, for example the national electric sector. 
 Option 6: Emission allowance reserve program. During operations,  the long-term steward would collect a 
small fraction of the emissions allowances from all GS projects in a reserve. The fraction would be set on the 
basis of a site-specific assessment of leakage risks. Allowances deposited in the reserve would be held only to 
address leakage from the site during long-term stewardship, and would be surrendered to cover leakage detected 
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from the pool of GS sites in long-term stewardship. This option parallels one for terrestrial sequestration in the 
American Clean Energy and Security Act (HR 2454) passed by the U.S. House of Representatives in 2009.
Table 4 compares the the GHG accounting policy options during long-term stewardship, showing that Option 6, the 
emission allowance reserve, best addresses the problems of intergenerational equity and maintaining the long-term 
integrity of the national carbon cap. A disadvantage of the emissions allowance reserve is that it imposes additional 
cost on GS site operators, which could make CCS modestly less cost-effective overall. But, on balance, this 
approach provides the most cost- and environmental-certainty because actual emissions allowances would be 
banked to cover future leakage at contemporary carbon prices. The reserve program provides a hedge against higher 
carbon prices in the future, and ensures that leakage is unlikely to undermine the carbon cap in the long-term. 
Table 4.  Summary of GHG accounting policy options during long-term stewardship.* 
Technically 
feasible Accurate Cost effective Fair Funded 
4. Leakage not 
reported 
Yes. No technical 
demands
Wouldn’t be 
verified 
Yes. No costs 
incurred 
No. Risk transferred 
to future generations 
No funding required 
5. Leakage subtracted 
from emissions cap of 
related industries 
Yes – assuming 
future monitoring 
improvements
Yes
Modest but 
uncertain for future 
rate payers 
No. Risk transferred 
to future generations 
Yes, as long as future 
policymakers and 
businesses honor the 
commitment.  
6. Emission 
allowance reserve 
Yes - assuming 
future monitoring 
improvements
Yes
Modest and 
predictable for 
current GS operators
Yes. Current 
operators share 
responsibility. 
Yes, as long as reserve 
is not raided for some 
other purpose.  
* Less desirable outcomes are indicated by darker shading 
4. Discussion and Conclusions  
The results of our technical and policy analyses suggest that a GHG accounting program can reasonably assume that 
there are no leakage emissions from GS sites as long as routine subsurface monitoring shows no loss of 
containment. If loss of containment is detected, current monitoring technology, such as hyperspectral imaging, 
should be able to detect and locate leakage at levels of concern at some but not all sites. The disparities in leakage 
detection capability produced by geologic and ecosystem variations require a flexible GHG accounting policy for 
GS in the near-term, such as Option 3, described above. The potential for leakage emissions during long-term 
stewardship is low, but mechanisms to account for it, such as Option 7, are important for building public support for 
CCS technology and supporting the nation’s emission reduction goals.  
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